Transient alterations in brain oxygenation dur ing 60-s periods of anoxia were visualized at high spatial resolution (voxel size",:; 0.15 fLl) with the use of serial long echo time FLASH (fast low-angle shot) magnetic reso nance images (measuring time � 6 s) of halothane anesthetized rats in vivo. Difference images from nor moxia and anoxia exploit the signal decrease associated
Transport of oxygen in the vascular system is ac complished by its binding to hemoglobin in red cells. Oxyhemoglobin is a diamagnetic complex that is turned into paramagnetic deoxyhemoglobin upon release of oxygen. Thus, any change in the absolute concentration of deoxyhemoglobin in the cerebral blood pool alters the magnetic resonance (MR) properties of water protons in contact with this en dogenous "contrast agent" (Thulborn et al., 1982) . Accordingly, unexpected contrasts in high-field (7.0-8.4 T) gradient echo MR images of rodent brain were ascribed to paramagnetic signal dephasing across veins and venules . Although subsequent echo planar imaging studies at lower magnetic fields (2.0 T) el egantly demonstrated the time course of cat brain deoxygenation during anoxia-apnea (Turner et al., 1991) and focal ischemia (De Crespigny et al., 1992) , they suffered from a poor spatial resolution with increased levels of paramagnetic de oxyhemoglobin in the arterial and venous blood pool. Insights into the spatial heterogeneity of oxygen deprivation are comple mented by physiologic information from the time course of pertinent signal changes in different regions of the brain. Key Words: Brain-Brain, anoxia-Brain, oxygen ation-Magnetic resonance. and a limited availability of the technically demand ing method.
The purpose of this work was to evaluate the po tential of conventional fast scan gradient echo MR imaging sequences such as FLASH (fast low-angle shot) (Frahm et al., 1986) to monitor challenges of cerebral oxygen supply in the anesthetized rat. In addition, the study aimed at considerable improve ments in spatial resolution while maintaining suffi cient temporal resolution for dynamic investiga tions of the underlying physiologic alterations. The attempt was motivated by recent experimental find ings in humans (Frahm et al., 1993) confirming the oxygenation-sensitive MR contrast, i.e., the sus ceptibility-induced signal loss due to the presence of deoxyhemoglobin in the vascular bed, to be a pure microscopic phenomenon . The physical effect is confined to a volume inside and around arterioles and venules that is much smaller than the size of an image voxel. Con sequently, the extent of image signal change as an indicator for changes in the local deoxyhemoglobin level is not compromised by a decrease of the voxel size or, in other words, by increasing the spatial resolution. This is in contrast to what holds true for macroscopic susceptibility differences such as those occurring at air-tissue interfaces.
First applications resulted in functional MR im ages of the activated human visual cortex with a spatial resolution identical to that of anatomic MR images (Frahm et al., 1993) far surpassing previous approaches (Bandettini et al., 1992; Frahm et al., 1992; Kwong et al., 1992; Ogawa et al., 1992) . Here, the concept is exploited for visualizing cerebral ox ygenation differences in small laboratory animals at a resolution that will allow meaningful comparisons with classic techniques such as in vitro preparations of brain slices. The results are expected to provide a general basis for future studies of brain pathology, with particular emphasis on stroke models.
METHODS
All studies were carried out at 2.35 T (Bruker, Ger many) with an actively shielded gradient system (Oxford Instruments, U.K.). Homogeneous radiofrequency (RF) excitation was accomplished by a pair of 12-cm Helm holtz coils while the MR signal was received via a 2cm diameter surface coil firmly placed on the skull of the rats in a prone position. Details of the experimental setup have been described elsewhere (Gyngell et aI., 1991) .
Oxygenation-sensitive MR images were obtained with use of a long echo time, spoiled FLASH sequence (rep etition/echo time = 46.875/38 ms, 40° RF flip angle, 50mm field of view, 2-mm slice thickness) with first-order motion-compensating waveforms for both the frequency encoding and the slice selection gradients. The temporal resolution was 6 s (12 s) for a 128 x 256 (256 x 256) acquisition matrix. The images were mildly Tl-weighted to saturate the MR signal from CSF. This leads to the elimination of CSF contributions to the images as evi denced by the low signal intensities in ventricular spaces (see Fig. la ). To evaluate potential flow effects, addi tional experiments were performed with reduced RF flip angles in the 5-20° range.
A total of 12 examinations was carried out on six albino Wistar rats (300--500 g) using 70:30 N20/02 with 1.5% halothane for anesthesia. Anoxia was induced by switch ing the oxygen supply off while maintaining N20 and halothane. The time course of brain oxygenation changes was followed by sequential images without any time de lay. Typically, 15 images with a measuring time of 6 s each (total 1.5 min) were acquired before, 10 images (l min) during, and 25 images (2.5 min) after the anoxic period. Respiration of the animals was monitored but not used for triggering or gating. (RO!) intensities. The area covered by an ROI ranged from 2 mm2 (1: sagittal sinus) to 15 mm2 (6: caudate nucleus and putamen). Figure 2 summarizes the corresponding time courses of ROI signal intensi ties in the brain of the same animal as shown in Fig.  1 . Each data point represents the ROI intensity of an individual image.
RESULTS AND DISCUSSION
Both the time course and the magnitude of the signal changes during anoxia were similar for all animals studied. In particular, the effects were re producible for the same animal when anoxia was repeated after � 30 min. It should also be empha sized that the observed MR contrasts were well be yond the level of statistical fluctuations as can eas ily be recognized by comparing the variability of image intensities before anoxia with the extent of signal change during anoxia (Fig. 2) . However, the actual signal attenuation also depends on parame ters such as size and location of the ROI, the slice position, and the slice orientation. For the assess ment of interanimal variations of the MRI signal change, only studies with comparable conditions were selected. The signal intensity during anoxia was reduced by 85 ± 11% (sagittal sinus, n = 4),44 ± 8% (longitudinal fissure, n = 5), 14 ± 4% (central neocortex, n = 9), and 14 ± 4% (caudate nucleus and putamen, n = 7) relative to the preceding nor moxic phase (mean ± SD).
The signal drop during anoxia is ascribed to a corresponding increase in the absolute concentra tion of deoxyhemoglobin in the capillary bed as well as in larger vessels. Similar curves were obtained when using even higher spatial resolution (12-s im ages, 0.075-f.l1 voxel size) as well as for image series with lower RF flip angles. The latter finding elimi nates differential saturation of water proton MR sig nals due to different flow velocities as a potentially competing mechanism for the observed signal changes.
Oxygenation difference maps (Fig. lc) highlight areas of most pronounced blood deoxygenation. Where blood vessels are seen directly, such as the superior sagittal sinus and the arteries below the brain, the signal intensity during anoxia is reduced to the noise level reflecting marked deoxygenation of the cerebral blood pool (cf. ROI 1 in Fig. 2) . Signal changes in brain parenchyma may be under stood as intravoxel averaging of dephased signals inside and around blood vessels, with signals from brain tissue unaffected by deoxyhemoglobin. Therefore, the oxygenation difference maps empha- size internal brain tissue interfaces since these con tain a large number of blood vessels.
Analysis of the time course data (Fig. 2) reveals an apparent latency of � 12 s (two images) after both the onset and the end of the anoxic phase. How ever, when taking the dead volume of the respira tion system outside the magnet room into account, the true physiologic latency is reduced to � 6 s. A characterization of the subsequent transition peri ods by rise and fall times yields time constants of 6 ± 2 s, assuming an exponential behavior for the adjustment of a new oxygenation state. Thereby, the initial signal drop, i.e., its time constant, reflects deoxygenation from both systemic and cerebral ox ygen consumption. Following a transition phase of � 24 s (four images) after the onset of deoxygen ation, the MR signal reached a steady state that prevailed during persistent anoxia.
Surprisingly, the temporal characteristics of oxy genation changes in rat brain resemble the findings in human brain associated with task activation such as stimulation of the visual system (Frahm et aI., Region-of-interest (ROI) FLASH (fast low-angle shot) magnetic resonance signal intensities as a function of time (tem poral resolution 6 s) for selected locations in rat brain in vivo before, during, and after a 60-s period of anoxia (cross-hatched bars). The regions are as indicated in Fig. 1d: 1) superior sagittal sinus, 2) midsagittal neocortex including the longitudinal fissure, 3) left outer neocortex including superficial veins, 4) left neocortex excluding the outer layer, 5) lateral septal nucleus, and 6) caudate nucleus and putamen. Note that the range of the vertical scale for curves 3-6 is one-third that of curves 1 and 2.
1992). On the other hand, changes in cerebral blood flow have been shown to occur on a much faster time scale. In particular, latencies of only 0.5-1.0 s were found in the human posterior cerebral artery after the onset of photic stimulation (KlingelhOfer et aI., 1992) . Although the apparent discrepancy may Vol. 13, No.5, 1993 be explained by the fact that changes in arterial flow must persist for a certain period of time before suf ficient changes of the deoxyhemoglobin level in the venous blood volume become detectable, the phe nomenon needs further clarification. Stimulated blood flow is a common observation for respiratory and ischemic challenges of the brain. Under severe hypoxic conditions in a state close to anoxia, cerebral blood flow was found to be in creased three-to fivefold in rats (Borgstrom et aI., 1975) . Among other purposes, such adjustments seem to serve as an autoregulatory mechanism to improve oxygen availability. However, increased flow velocities are maintained even after oxygen supply has been restored. Here, the resulting over compensation of oxygen consumption by oxygen delivery in the postanoxic phase leads to a signal overshoot of �5% in most regions of the brain (ROI 2 and 4-6 in Fig. 2) . The MR signal increase repre sents a transient hyperoxemia similar to that seen in human activation studies. The obvious decoupling of cerebral blood flow and oxygen utilization seems to be a frequent phenomenon in mammalian brain that is not yet understood.
In agreement with previous studies (Turner et aI., 1991; De Crespigny et aI., 1992) , the overshoot de velops after a steep rise in signal intensity upon reoxygenation and persists for at least 2-3 min while the oxygenation state slowly returns to initial normoxic conditions. This retarded adjustment of enhanced blood flow also seems to be responsible for the "undershoot" overlying the signal recovery after anoxia in the sagittal sinus and the superficial veins at the brain surface (ROl l and 3 in Fig. 2) . It is suggested that the incomplete signal recovery originates from increased turbulence and concomi tant dephasing of the gradient echo signal in the presence of increased flow rates. The flow signal void vanishes only after the initial flow velocities from normoxia have been resumed, i.e., after a few minutes concurrent with the decline of the over shoot.
Since oxygenation-sensitive MR studies probe the absolute level of regional deoxyhemoglobin, they reflect the combined outcome of altered blood flow (washout effects in the venous blood pool) and oxygen consumption (production of deoxyhemoglo bin). With the use of independent (MR) methods for a determination of blood flow changes, the ap proach bears future potential for insights into re gional oxygen utilization. Of course, sensitivity to deoxygenation lends itself to studies of ischemia even at the earliest stages, where other MR tech niques either fail (T l-and T2-weighted imaging), suffer from enhanced motion problems (diffusion weighted imaging), or are limited by the need for bolus administrations of exogenous contrast agents (Finelli et aI., 1992) .
In summary, this work demonstrates the ability of conventional fast scan gradient echo MR se quences to map regional differences in brain oxy-genation in vivo at a field strength close to those of clinical MR systems. The results indicate an im provement in spatial resolution by at least one order of magnitude, which renders pertinent studies ap plicable to small laboratory animals such as rats. Depending on the chosen image resolution, typical measuring times are of the order of seconds. The approach bears considerable potential for an assess ment of the pathophysiologic alterations associated with compromised tissue oxygenation and is further expected to provide valuable information about the efficacy of therapeutic interventions and their phar macologic optimization. Foreseeable clinical appli cations of high-resolution oxygenation-sensitive MR imaging will aim at an early detection and mon itoring of infarcts and an identification of epileptic foci.
